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Chronic renal failure after nephrotoxic nephritis in rats: Contributions
to progression. In rats dietary protein restriction decreases the rate of
progressive glomeruloscierosis and the development of renal failure
after subtotal nephrectomies. The present experiments were designed
to see whether dietary protein had similar effects on renal failure after
nephrotoxic nephritis (NTN). Groups of rats were fed isocaloric diets
containing 8%, 18% and 78% casein. Irrespective of whether the diets
were introduced 7 days or 30 days after induction of nephritis by a
single injection of rabbit anti-rat nephrotoxic globulin, rats on 8% casein
and 78% casein had significantly lower plasma creatinines than rats fed
with 18% casein. Semiquantitative scoring systems were used to assess
glomerular sclerosis, tubular atrophy and tubular calcification. Rats on
8% protein had significantly lower glomerular sclerosis scores than the
other two groups. Tubular atrophy scores were similar in rats on 8%
and 78% casein and significantly lower than those of rats on 18% casein.
All rats on 8% and 18% casein diets had tubular calcification whereas
rats on 78% casein did not. This suggested that the normal relation
between glomerular sclerosis and tubular atrophy after NTN was
altered by a 78% casein diet. This was confirmed by the slopes of the
regression equation for glomerular sclerosis on tubular atrophy (0.54
0.07) for rats on 78% casein compared to the slopes of the regression
equations for the other two groups which were 1.12 0.10 and 1.00
0.12, respectively. This difference is highly significant statistically, P <
0.1 x l0- (one—way analysis of variance). These results show that
dietary protein has a variable effect on the development of renal failure
after nephrotoxic nephritis. They suggest the presence of separate
glomerular and tubular contributions to progressive renal failure in this
model.
Ageing rats of many strains develop glomerular sclerosis with
proteinuria and die from renal failure [1]; a process that is
accelerated by unilateral [2] or subtotal [3] nephrectomy. The
amount of protein in the diet also influences the pace with which
these changes occur. Despite difficulties in the interpretation of
early studies [4], it is clear that high protein diets hasten the
development of renal failure in this model and low protein diets
slow it [5—71.
Recently Brenner and his colleagues [8, 9] have provided an
explanation for this phenomenon. They showed, by direct
measurement, that reduction of renal mass by nephrectomy
("renal ablation") caused an acute increase in glomerular
perfusion and filtration [10]. After eleven twelths nephrectom-
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ies, injury to glomerular capillaries and increased glomerular
permeability could be detected within days by electron micros-
copy [10]. The increase in glomerular perfusion and filtration as
well as morphological evidence of glomerular injury were
abrogated by dietary protein restriction [11]. Thus it appears
that the hemodynamic consequences of reduced renal mass
which increase the glomerular filtration rate acutely are harmful
in the longer term. This is the basis of the "hyperpei-fu-
sion—hyperfiltration" hypothesis of progressive renal failure.
It is likely that a similar phenomenon occurs in man. There is
evidence, though still fragmentary, that proteinuria with
glomerular sclerosis is more common in those with a single
kidney [12, 13]. It has been widely assumed that hyperfiltration
can cause damage with deterioration of renal function after
other types of renal injury. Accordingly, a growing number of
patients with chronic renal failure are being treated with low
protein diets, and there are suggestions that these limit the rate
of deterioration [14—161.
Nevertheless the question remains as to whether studies of
progressive renal failure after subtotal nephrectomy can be
extrapolated to other causes of renal injury. There are many
differences between reduction of renal function by nephrec-
tomy and by induction of nephritis. In glomerulonephritis the
remaining glomeruli are not normal but are infiltrated by inflam-
matory cells, an interstitial infiltrate is usual and tubular inter-
stitial injury may contribute to deteriorating renal function
[17—21]. Similarly, the immunopathology that caused the ne-
phritis may continue unabated. Direct measurement of glomer-
ular blood flow and pressure are not possible in these circum-
stances and clear inferences cannot be drawn from the results of
dietary manipulations. For example, low protein diets fed to
New Zealand, Black/White hybrid mice with nephritis protect
them from the development of renal failure, but also decrease
titers of circulating immune complexes and deposition of im-
munoglobulin in kidney [221. Two studies have reported that
low protein diets do protect rats from renal failure after
nephrotoxic nephritis (NTN), but in both, the diets also caused
malnutrition [23, 24] which may have influenced immune and
inflammatory responses [25] as well as glomerular hemodynam-
ics.
The purpose of the present study was to examine specifically
the effect of the quantity of dietary protein on the development
of renal failure after NTN, and at the same time examine
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Table 1. Diet composition
Content
Ingredients % by wt
Casein 9 20 85.3
Maize starch 62.5 53.5 —
Cornoil 3 3 3
Salkafloc 17 15.3 5
Vitamins 2 2 2
Minerals 3 3 3
Chalk
limestone 0.1 0.3 1.7
Calcium
phosphate 3.4 2.9 —
Calculated analysis Percentage composition
18 78Protein 8
Calcium 0.85 0.85 0.85
Phosphorus 0.67 0.67 0.67
ME kcallkg 2690 2680 2680
semiquantitatively the relation between glomerular sclerosis
and tubular atrophy under these circumstances.
Methods
Reagents
Rabbit anti-rat nephrotoxic serum was prepared as previ-
ously described [26]. Rabbit IgG was prepared by DEAE
chromatography after precipitation with sodium sulphate [27].
Proteins were labelled with 25j using the iodogen method [28].
Glomerulonephritis
Male Sprague—Dawley rats weighing 200 g were housed up to
six in a case. Once weekly they were placed in individual
metabolism cages for 24 hour collections of urine. After base-
line measurements of renal function they were injected with 1
mg rabbit gamma globulin in Freunds complete adjuvant (FCA).
Five days later they were injected with 2 ml of rabbit anti-rat
nephrotoxic serum (NTS). After this treatment all rats devel-
oped acute glomerulonephritis with heavy proteinuria.
Experimental diets
In each experiment, rats were segregated into three groups
and fed with different diets obtained from Labsure Laboratories
(UK). Group I were fed with a low protein diet providing 6
g/kglday as 8% Casein, Group II were continued on a normal
protein diet of 13.5 g/kg/day as 18% Casein, while Group III had
a high protein diet of 45 glkg/day as 78% Casein. The starch
content of the diets varied inversely with the protein so that
they were isocaloric; they also contained the same amounts of
sodium, potassium, calcium and phosphorus. Detailed compo-
sition of the diets is shown in Table I. Rats in the same cage
were supplied with a single bowl daily containing enough food
to provide 20 g/rat/day. Rats in Groups I and II emptied their
bowls daily but those in Group III ate an average of 18
glrat/day.
Assessment of nephritis
Rats were monitored each week after induction of nephritis.
method. Next, they were anesthetized with ether, weighed and
blood samples were taken for serum creatinine and measure-
ment of autologous anti-rabbit IgG titer. Twenty—four hour
urine collections were used to measure protein and creatinine
excretions. Creatinine was measured by standard autoanalyzer
techniques, protein after precipitation with 20% Trichloracetic
acid by the biuret method [29] and autologous anti-rabbit IgG
antibody titers by solid phase radioimmunoassay [26]. The
antibody results were expressed as the percentage of a standard
high titer sample from a hyperimmune rat, creatinine clearance
was calculated according to the standard formula:
Uc x Uvol 1000
x
PCr X 1440 Rat wt (g)
Renal morphology
Renal tissue was taken either by open renal biopsy or at
autopsy. Separate specimens were processed for light micros-
copy and for immunofluorescence as previously described [26].
A standard scoring system was used to assess the severity of
glomerulosclerosis (Fig. 1) and the median value of 50 consec-
utive glomeruli was recorded. Details of this scoring system are
as follows: Grade 0, normal glomeruli; Grade 1.0, thickening of
the GBM; Grade 1.5, glomerular thickening plus segmental
hypercellularity; Grade 2.0, mild segmental hyalinosis (<25%);
Grade 2.5, severe segmental hyalinosis (>50%); Grade 3.0
diffuse glomerular hyalinosis ('blobs' of hyaline material depo-
sition); Grade 4.0, diffuse glomerular sclerosis with total tuft
obliteration and collapse. The extent of tubular atrophy and
tubular calcification was similarly scored 0 to 4 by using an
arbitrary scale after viewing the whole biopsy. This assessment
Fig. 1. Glomerular sclerosis scoring system: A Grade 1 glomerulus B
Grade 2 glomerulus, C Grade 3 glomerulus, D Grade 4 glomerulus.
Their blood pressure was measured by the indirect tail cuff was made independently by two observers (DJE and AMEN)
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before final median scores were agreed. In all cases biopsies
were interpreted without knowledge of the experimental group.
Statistical methods
Sequential observations of renal function are expressed as
means together with the standard error of the mean. An overall
comparison of the significance of differences of results between
different groups was assessed by the Kruskal—Wallis test before
assessing pairwise differences by the Mann—Whitney test. Dif-
ferences in survival were assessed by the Log—Rank test [30J.
The relation between glomerular sclerosis and tubular atrophy
was calculated by linear regression using the least squares
method. The appropriateness of the model was assessed by
plotting the square of the residual values versus the expected
values and the significance of differences between slopes was
calculated by one way analysis of variance. Linear regression
procedures were calculated using the BMDP statistical package
[31].
Experimental protocols
Seven days after the induction of NTN rats were assigned to
one of three experimental groups matched for the severity of
proteinuria. Group I (15 rats) were given a low protein diet,
Group 11(16 rats) were fed the normal protein diet and Group
III (18 rats) were given the high protein diet. Thereafter the rats
were assessed weekly until they died or were killed at the end
of the experiment. All rats had their renal morphology assessed
twice. Eight rats from each group had renal biopsies on days 3
and 30; they were then withdrawn from the study. The remain-
der had a renal biopsy taken on day 30 and a second assessment
when they died from renal failure or were killed at the end of the
experiment on day 90. Parallel groups of normal rats were
studied on each of the experimental diets.
The second experiment was similar in design except that
experimental diets were not introduced until 30 days after
induction of NTN. The groups, with eight rats in each, were
again matched for proteinuria. Renal function was assessed
weekly and morphology at day 90; the experiment was ended on
day 120 when surviving rats were killed.
Results
Early introduction of diets
General observations. All 49 rats developed acute glomeru-
lonephritis within 24 hours of injection of NTS. This was
characterized by heavy proteinuria in the first 24 hours (149
14 mg/24 hr; mean SE) and an increase in serum creatinine
from 40 4 to 59 7 smol/liter. Seven days later serum
creatinine had returned to normal but proteinuria persisted. The
rats were then assigned to their experimental groups. Through-
out the course of the experiment the rats appeared healthy until
they developed renal failure, but their growth was impaired
when compared to normal Sprague—Dawley rats studied in
parallel, Growth was impaired to a similar extent in rats fed
with all three diets, and appeared to be caused by the nephritis
rather than the diets, because control rats grew normally on all
three diets (Fig. 2). Furthermore, rats studied in our laboratory
fed with normal or low protein diets while developing renal
failure after subtotal nephrectomy grew normally. The experi-
mental diets did not affect the autologous antibody titers which
were identical in all three groups. The peak response was on
day 60 when titers were 68.8 7.9%, 70.3 8.9% and 66.6
6.6%, respectively, in rats on low, medium and high diets.
None of the diets caused renal failure or appreciable protein-
uria in normal rats during the 90 days of the experiment. Serum
creatinines of control rats were 58 11, 43 1 and 42 4
lLmols/liter for low, normal and high protein diets, respectively.
Their protein excretions were: 9 3, 20 2 and 28 6 mg/24
hr for low, normal and high protein diets, respectively.
Blood pressure. The acute phase of nephrotoxic nephritis did
not increase the mean systolic blood pressure, which remained
at baseline values for at least 30 days after injection of NTS.
This also shows that the experimental diets did not directly
affect the blood pressure because they had been introduced on
day seven. After day 30, rats on normal protein diets had a
progressive rise in blood pressure which coincided with deteri-
orating renal function. There was little tendency for rats on
either of the other diets to develop hypertension (Fig, 3).
Proteinuria. One week after the introduction of the diets,
nephritic rats in Group III on the high protein diets had
substantially more proteinuria (421 72 mg/24 hr) than those in
the other two groups; 95 14 mg/24 hr and 109 13 mg124 hr,
respectively, for Groups I and II (Table 2).
Thereafter protein excretion continued unchanged in groups I
and III but increased progressively in group II rats on a normal
diet. The increase again coincided with the development of
renal failure (Table 2).
Serum creatinine and creatinine clearance. Serum creati-
nines from all rats on low protein diets remained normal
throughout the experiment (Table 2), whereas creatinines rose
in four of six rats on high protein diets followed for longer than
30 days and in all nine rats on normal protein diets followed for
this length of time. The changes in serum creatinine reflect a
change in creatinine clearance (Fig. 3). Significant differences
between the groups were shown by the Kruskal—Wallis test on
day 60 (H = 7.21, degrees of freedom [dfl = 2, P < 0.05) and at
the end of the experiment when values taken just before death
400
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Fig. 2. Progressive weight gain in groups of rats in the 90 days after
induction of nephritis by injection of nephrotoxic serum (NTN). The
nephritic rats were fed with 8, 18, or 78% casein diets introduced on day
7. The hatched area describes the 95% confidence limits for growth of
normal Sprague—Dawley rats followed simultaneously.
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or on day 90 were compared (H = 14.0, df = 2, P < 0.001). The
pairwise comparisons of individual groups using the Mann—
Whitney test showed that rats on a normal protein diet were
significantly different from the other two groups (Fig. 4). Eight
of nine group II rats died of renal failure before the end of the
experiment compared to two rats from group III and none from
group I. These differences are highly significant (P < 0.0035,
Log Rank Test).
Renal morphology. Renal biopsies taken three days after
induction of nephritis showed focal and segmental proliferation
together with mild interstitial infiltrate but no tubular atrophy.
These changes were of similar intensity in the rats subsequently
assigned to each experimental group. By day 30, that is 23 days
after introduction of the diets, there were significant differences
in the extent of glomerular sclerosis (H = 14.2, df = 2, p <
0.001 by Kuskal—Wallis test) and tubular atrophy (H = 10.9, df
= 2, p < 0.005) between the groups (Fig. 5). Assessment of
individual pairwise differences (Fig. 5) showed that rats in
group I had significantly lower glomerular sclerosis scores (1.66
0.12) and tubular atrophy scores (1.4 0.11) than rats
continued on normal protein diets whose scores were 2.2 0.12
and 1.67 0.11, respectively. Results from rats on high protein
diets were paradoxical. Glomerular sclerosis scores from Group
III rats were similar to those on normal protein diets (2.03
0.08) and significantly higher than those on low protein diets (P
< 0.02, Mann—Whitney U test). Their tubular atrophy scores
(1.3 0.10) were similar to rats on low protein diet and
significantly lower than those on normal protein diets (P <0.02,
Mann—Whitney U test). None of the rats had developed tubular
calcification by light microscopy at this stage.
The differential effects of the diets on glomerulosclerosis and
tubular atrophy was even more obvious when renal morphology
was assessed again at autopsy (Fig. 6). Two experimental
animals (1 in Group II and 1 in Group III) were not included in
the histological assessment; the first was found dead and its
remains were unsuitable for analysis, while the kidney sections
of the second were lost during processing. Serum creatinine and
creatinine clearance data from both these rats shortly before
death have been included in the text. Additionally, all 16 rats on
low or normal protein diets had tubular calcification whereas no
calcium deposits were found in the biopsies from any of the rats
on high protein diets (Fig. 7).
In summary, this experiment shows that rats on high protein
diets as well as those on low protein diets develop renal failure
more slowly after nephrotoxic nephritis than rats with normal
protein intakes.
Late introduction of diet
All 24 rats in this experiment developed evidence of nephritis
acutely after injection of NTS, but generally this was less
severe than seen in the first experiment (Table 3); peak protein-
uria was 166 5 mg/24 hr and peak creatinines were 57 4
jsmol/liter. These values remained unchanged until the rats
started their experimental diets 30 days after induction of NTN.
As in the first experiment proteinuria increased immediately
after the introduction of the high protein diet. Serum creatinines
rose progressively in rats on normal protein diets who had mean
creatinines of 148.7 40.9 jsmol/liter by day 120. This was
significantly greater than the serum creatinines of rats on low
(67 4 mol/liter) or high (105 36 smol/liter) protein diets.
Six of the eight rats on normal protein diets died before day 120
compared to one of eight on the low protein diet and two of
eight on a high protein diet. The survival of rats on normal
protein diets was significantly worse than for the other two
groups; P < 0.0025 (Log Rank Test) for rats on low protein diets
and P < 0.0035 for those on the high protein diet.
In this experiment the changes in renal morphology were
qualitatively similar but less severe than those found in the first
experiment. By day 90, rats on normal protein diets had more
severe glomerulosclerosis (2.84 0.31) and tubular atrophy
scores (2.39 0.28) than was found either on low protein
(glomerular sclerosis 1.50 0.33; tubular atrophy 1.4 0.8), or
high protein diets (glomerulosclerosis 1.67 0.9; tubular atro-
phy 1.10 0.10).
These results confirm the influence of high as well as low
protein diets on progression to renal failure in this model of
nephrotoxic nephritis. They also show that the effect does not
depend on the early introduction of the diets.
Correlations between glomerular sclerosis and tubular
atrophy
In both experiments the Group III rats, fed on high protein
diet, had similar glomerulosclerosis scores to Group II rats on a
normal protein diet, whereas their tubular atrophy scores
tended toward those found in Group I rats on a low protein diet.
This observation together with the finding that high protein
diets produced against tubular calcification suggested that the
relation between the severity of tubular injury and glomerular
sclerosis was influenced by diet. To test this proposition for-
mally, glomerular sclerosis and tubular atrophy scores were
correlated in the pooled results from day 30 and day 90 biopsies
from the three groups (Fig. 8). There were strong correlations
between glomerulosclerosis and tubular atrophy in all three
experimental groups (Fig. 8); group 1 (r = 0.839), group II (r =
0.897), and group III (r = 0.834) (Table 4). However the slope
of the regression line for rats on the high protein diet in Group
III was significantly different from the other two groups (P <
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Fig. 3. Sequential changes in mean blood pressure in groups of rats on
low (8%), normal (18%), and high (78%) casein diets. Nephritis was
induced by injection of nephrotoxic serum on day 0. The diets were
introduced on day 7.
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Table 2. Experiment I: Early introduction of diets (day 7)
Experimental
Days after NTN
5 15 30 60 9ØC
groups Creata Prot' Creata protb Creata Protb Creat' Protb Creata Prot'
Group 1 56 139 45 95 57 67 42 93 84 127
8%casein ±5 ±18 ±4 ±14 ±5 ±14 ±12 ±18 ±15 ±26
Survival 15/15 15/15 15/15 8/8 8/8
Group II 61 157 55 109 86 199 192 329 320 296
MPD 18% casein ±7 ±13 ±8 ±13 ±11 ±18 ±33 ±27 ±37 ±49
Survival 16/16 16/16 16/16 6/9 1/9
Group III 59 151 109 421 99 383 110 485 132 487
HPD 78% casein ±8 ±12 ±27 ±72 ±20 ±53 ±26 ±50 ±27 ±58
Survival 18/18 17/18 16/18 6/8 6/8
a Serum creatinine, smo1/liter
b Proteinuria, mg/24 hr (Mean ± SEM)
Results of day 90 or time of death
protein
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Fig. 4. Sequential measurements of creatinine clearance in groups of
rats on low (8%), normal (18%) and high (78%) casein diets. Nephritis
was induced by injection of nephrotoxic serum (NTS) on day 0 and the
diets introduced on day 7. The final value shown is for day 90 or the last
value before the rat diet from renal failure. * P < 0.05, < 0.025.
0.1 x l0) (Table 4). Thus, when fed with the high protein diet,
rats have significantly less tubular atrophy for a given degree of
glomeruloscierosis. This finding is most simply interpreted as
showing separate glomerular and tubular contributions to pro-
gression of NTN in rats fed with either normal or low protein
diets.
Discussion
The purpose of this study was to examine the influence of
dietary protein on progressive renal failure after nephrotoxic
nephritis. The principal findings were that a low casein diet
slowed the development of renal failure without causing mal-
nutrition, and that paradoxically a high casein diet also pro-
tected from renal failure, but probably by a different mecha-
nism.
The evidence that low protein diets ameliorate and high
protein diets aggravate progression to renal failure after subto-
tal nephrectomy is incontrovertable [4], and the mechanism
appears to involve increased perfusion of and filtration by
remaining glomeruli [8, 91. However in addition to influencing
glomerular blood flow, dietary protein has diverse effects on
metabolism [321 as well as on inflammation and immunity [25].
A B
Day 30
4- 4
0
0 00
0
0
2_ 0
8% 18% 78% 8% 18% 78%
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Fig. 5. A. Glomerular sclerosis and B. tubular atrophy scores in rats 30
days after induction of nephrotoxic nephritis. The rats were fed on 8%,
18% or 78% casein diets introduced on day 7. The significance values
given beneath were calculated by the Mann—Whitney test.
Potentially both of these could influence the progression of
glomerulonephritis. For example, protein restriction [22], car-
bohydrate restriction [33], as well as diets deficient in essential
fatty acids [34] all protect New Zealand Black/White mice with
glomerulonephritis from the development of renal failure.
Whether this is the result of reduced titers of immune com-
plexes that accompanied the change in diet or from intrarenal
mechanisms cannot be ascertained.
Nephrotoxic nephritis is a simpler model. In the telescoped
model of NTN, acute injury is caused by binding of autologous
anti-rabbit IgG antibodies to rabbit IgG fixed to the glomerular
basement membrane, but the cause of subsequent progressive
glomerular sclerosis is independent of continuing high titers of
autologous antibody and depends solely on changes present
within the kidney by day 30 [26]. Morphologically, kidneys
from rats with progressive nephrotoxic nephritis have focal
proliferative and scierosing glomerulonephritis, with marked
interstitial infiltration and tubular atrophy with calcification. In
our laboratory they develop renal failure much more rapidly
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Fig. 6. Glomerular sclerosis and tubular atrophy scores when the rats
diet from renal failure or were killed on day 90 at the end of the
experiment. The solid symbols represent data from rats who died before
day 90. The rats were fed on 8%, 18% or 78% casein diets introduced on
day 7. The significance values given underneath were calculated by the
Mann-Whitney test.
than rats of the same strain subjected to 5/6 nephrectomy,
despite the fact that these nephrectomies caused a greater initial
reduction of creatinine clearance [7}.
The present experiments show for the first time that dietary
protein restriction insufficient to cause malnutrition or alter
systemic blood pressure conferred substantial protection from
the development of renal failure after nephritis. There were
concomitant reductions in the severity of glomerular sclerosis
and of tubular atrophy but no protection from tubular calcifi-
cation. The slope of the regression equation of glomerular
sclerosis on tubular atrophy was identical in rats fed on low and
normal casein diets, which suggests that the primary effect of
protein restriction was to reduce glomerular injury. Possibly
this occurs by the same process that is obtained after subtotal
nephrectomy.
As previously reported by us [35] and others [23, 24] high
protein diets increase proteinuria substantially in rats with
chronic NTN. This does not necessarily mean that such rats
have more severe disease because the proteinuria increases
acutely, is rapidly reversible and affects the excretion of immu-
noglobulin light chains (a protein with a molecular weight of
22,000 normally filtered by glomerulus) to the same extent as
albumin [35]. The 78% casein diet in our study increased
proteinuria while protecting rats from developing renal failure,
This latter result, though consistent in our experiments, is at
variance with the reported conclusions of Fan and Smadel [23]
and of Neugarten et al [24]. However, the high protein diets
used by Fan and Smadel contained more phosphate than their
normal protein diets and phosphate loading accelerated pro-
gression to renal failure after NTN [18]. Neugarten et al [24]
based their conclusion that their high (48%) protein diet aggra-
vated nephritis on finding of more severe proteinuria and a
greater proportion of glomeruli with scarring. They did not
comment on the fact that, by the end of the study, their
nephritic rats on high protein diets had significantly lower
serum creatinines than did the rats on normal protein diets.
Thus, in two separate studies increased dietary protein slowed
Fig. 7. Renal tubular calcification scores at autopsy after the rats died
from renal failure or were killed at the end of the experiment after 90
days. Solid symbols denote animals who died before day 90. The rats
were fed on 8%, 18% or 78% casein diets introduced on day 7. The
significance values given underneath were calculated by the Mann-
Whitney test.
the development of renal failure in rats with nephrotoxic
nephritis.
A possible clue to the mechanism is provided by the histo-
logical examination of kidneys from rats in our study. It showed
the complete absence of renal tubular calcification in rats on the
high casein diet. Aifrey and his colleagues have shown by
sensitive techniques that the calcium content of renal tubules
increases progressively as rats develop renal failure after ne-
phritis [18], and have suggested that such calcification contrib-
utes to the destruction of nephrons. Nevertheless, it could be
argued that the Group III rats had less tubular calcification than
Group II rats on normal casein diet because they had better
renal function. But the rats on a low casein diet also had
significantly more tubular calcification despite even better renal
function. It appears that high protein diets in our experiments
specifically inhibited renal tubular calcification. A similar ob-
servation was made by Kleinknecht et al in rats on a 37% casein
diet following subtotal nephrectomy [61.
Selective protection of tubules by high protein diets is also
suggested by the semi-quantitative morphological assessment
of glomerular and tubular injury. Discordance between the
severity of glomerulosclerosis and tubular atrophy was only
found in Group III rats on high protein diets. This discordance
was present by day 30, more pronounced by day 90 and was
reflected in the highly significant difference in the slope of the
regression equation for glomerular or tubular atrophy when
Group III biopsies were compared with biopsies from the other
0
0
A B4 Se. 45 OS
0 >_3
0
2cO •
0 i
8% 18% 78% 8% 18% 78%
Dietary protein content
I I I I I
P< 0.002 P < 0.01 P < 0.002 P < 0.002
4
3
0
.0
0 S
$
8
0
8% 18%
Dietary protein
78%
P< 0.002
P < 0.002
Dietary protein and progressive GN 179
Table 3. Experiment 11: Late introduction of diets (day 30)
.
Expenmental
Days after NTN
5 15 30 60 90 120C
groups Creata Protb Creata Protb Creata Protb Creata Prot5 Creata Protb Creata protb
Group I 62 96 62 172 50 183 51 156 47 105 67 150
8%casein ±5 ±15 ±4 ±14 ±5 ±17 ±5 ±7 ±6 ±12 ±4 ±21
Survival 8/8 8/8 8/8 8/8 8/8 7/8
Group II 50 122 58 154 57 224 62 223 68 252 149 272
18%casein ±2 ±14 ±3 ±10 ±1 ±12 ±6 ±31 ±10 ±19 ±41 ±13
Survival 8/8 8/8 8/8 8/8 6/8 2/8
Group III 54 105 52 173 49 177 57 290 46 296 105 304
78%casein ±6 ±6 ±2 ±12 ±1 ±18 ±1 ±28 ±3 ±38 ±36 ±59
Survival 8/8 8/8 8/8 8/8 8/8 6/8
a Serum creatinine, mol/literb Proteinuria, mg/24 hr (Mean ± SaM)
Results on day 120 or time of death
4
0 0
>. -c
C'
.0
I—
two groups. A similar discordance is implicit from the findings
reported by Neugarten; their rats on high protein diets had
significantly more glomerular sclerosis, whereas the severity of
"tubulointerstitial changes were indistinguishable" [241.
These results suggest separate glomerular and tubular contri-
butions to the development of progressive renal disease in this
model of nephrotoxic nephritis. Dietary protein restriction
appeared to influence the glomerular component of progression
while the high protein diet primarily affected the tubular com-
ponent.
Any discussion of the mechanisms involved must be specu-
lative. Protein restriction may be protective by reducing gb-
merular blood flow as it does after subtotal nephrectomy. One
explanation for the effect of the high protein diet is that
increased urine volumes and solute loads, which are an invari-
able consequence of a high protein diet, protect the tubule. But
this is unlikely, because in preliminary experiments supple-
menting normal protein diets with urea to increase urine volume
and solute excretion hastens the development of renal failure
(El Nahas AM, Zoob SN, Rees AJ, unpublished observations).
As both high casein [36] and low phosphate diets [171 induce
persistent hypercalcuria, another explanation is that inhibition
of calcium reabsorbtion from the urine by both maneuvres [16]
reduces intracellular calcium concentrations and thereby pre-
vents renal tubular calcification. Additional studies will be
needed to test this possibility.
Meanwhile these clear cut results in rats accord with the
suggestion, from studies in man [19—21], of separate glomerular
Table 4. Correlation of glomerular sclerosis and tubular atrophy
Diet Number R Slope ± SE
Low protein (8%) 31 0.897 1.12 ± 0.10
Normal protein (18%) 32 0.839 1.00 ± 0.12
High protein (78%) 30 0.834 0.54 ± 0.07
F = 10.43, P < 0.1 x l0
and tubulointerstitial contributions to renal failure in glomeru-
lonephritis. The therapeutic implications of these results will
need to be considered when designing large scale studies to test
the effectiveness of diet on progressive renal failure.
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